Abstract-Optical propagation in water has been studied primarily by light sources that have either a constant amplitude in time or have a modulated temporal width greater than a picosecond. Attenuation of light as it propagates through water has been experimentally measured throughout the optical spectrum with these light sources. Quantities such as absorption and scattering have been thoroughly characterized as a function of wavelength of light. Yet with this wealth of measurements, a model that describes the transparency of water in the visible region still does not exist. The reason has been attributed to the complexity in understanding the hydrogen bonding that occurs in water [1] .
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Recently, an experimental study challenged the well established empirical knowledge of attenuation in water at near-infrared wavelengths. The study examined propagation of ultrafast optical pulses in water and demonstrated increased transmission of ultrafast light pulses as compared to longer pulses or cw light [2] . In these experiments, pulses as short as 60 fs with a center wavelength of 800 nm were propagated through as much as 6 meters of water. To explain their observations, the authors suggested the possibility of light propagation by optical precursors. The question is: How and why were the optical precursors stimulated in the water?
To better understand the propagation of ultrafast pulses of light in water, as demonstrated by Fox andÖsterberg [2] , we will compare measurements in water with those in acetonitrile. Both water and acetonitrile are polar solvents, but water molecules exhibit hydrogen bonding while acetonitrile molecules do not. In addition, this study will compare the differences of the OH bond in water with the CH bond in acetonitrile. Harmonics of these molecular stretching frequencies in the near-infrared region are explored with a femtosecond laser system.
INTRODUCTION
Optical properties of water as well as optical propagation in water has been well studied. Femtosecond pulse propagation in water, however, is a field that has not been fully explored. Recent experiments by Choi andÖsterberg [3] and Fox andÖsterberg [2] have demonstrated optical pulse propagation with power transmssion in excess of the well known Beer-Lambert law (i.e., exponential decay). The authors explain their findings with a theory that exists only for sufficiently fast transients, namely optically excited Brillouin and/or Sommerfeld precursors.
Optically generated precursors is a field with a fair number of theoretic papers (for a brief review with references see Ref. [4] ), but only a handful of experimental papers [2, 3, [5] [6] [7] . Of these, the works by Aaviksoo et al. [5] and by Sakai et al. [6] are in solids while that of Jeong et al. [7] is in cold potassium gas. This leaves the work of Choi andÖsterberg [3] and Fox andÖsterberg [2] as the experimental work in liquids, and more specifically, experiments in water.
Historically, the description of transient pulse propagation in dielectrics has followed two different paths. The early results by Sommerfeld and Brillouin used classical physics and a linear description of the interaction between radiation and matter [8] . Crisp investigated pulsed light propagation through resonant media revealed a new theoretical twist on Brillouin's precursors [9] .
A Brillouin precursor is excited in a dielectric material whose response time is longer than the rise-time of an incident rectangular electromagnetic (EM) pulse. The EM pulse rapidly evolves into a pair of leading-and trailing-edge Brillouin precursors that increase monotonically with propagation distance [10] .
Crisp's small-area pulse is short compared to the medium's dielectric dephasing time, T 2 . Upon interacting with the medium the pulse will change its shape so that its pulse area decays exponentially (as predicted by Beer's law) while its energy decays more slowly due to the pulse reshaping.
One could apply Crisp's theory of small-area pulse propagation to the studies of Choi and Osterberg [3] and Fox andÖsterberg [2] . If this is true several further questions arise: why does this depend on the repetition rate of the pulses? How are the optical precursors generated in water? Does the generation mechanism require an absorption resonance in water?
Since water is the material under study, it is possible that the effects are due to hydrogen bonding. The hydrogen bond attraction in water moves molecules closer together and forms an electrostatic-type attraction between them (as opposed to the covalent O-H bond of the water). Water (as a liquid) is one of the densest hydrogen bonding solvents, and as such many of its properties are often attributed to its hydrogen bonding. A compendium of information on the chemistry water is maintained by Martin Chaplin (see http://www.lsbu.ac.uk/water/).
In this paper, water is compared with acetonitrile. Both are polar liquids, but while water is a protic solvent (hydrogen bonding), acetonitrile is an aprotic solvent (non-hydrogen bonding). Both structures are probed at a second harmonic absorption resonance. For water the second harmonic of the OH-stretch (1450 nm) is examined, and in acetonitrile the second harmonic of the asymmetric CH-stretch (1680 nm) is explored. 
EXPERIMENTS
Rectangular Spectrocell NIR cuvettes of 1, 2, 5, 10-mm widths were filled with the solvents. A Cary 5G spectrophotometer was used to characterize the cw absorption of the two liquids. Figure 1 shows the absorbance of the samples. Note the peak absorption values for the thicker cells are limited by the dynamic range of the instrument. The data show a strong OH resonance in the water centered at 1455 nm with a 73-nm full-width at half maximum (FWHM). The acetonitrile CH resonance is located at 1679 nm and has a much smaller width, < 8 nm FWHM. An optical parametric amplification laser system (Clark NOPA) with a 970-Hz repetition rate was tuned to achieve femtosecond pulses in the NIR at 1450-and 1680-nm center wavelengths. Pulse energies of <0.5-µJ were incident on the cuvette samples with a 4.6-mm, 1/e 2 beam diameter. The laser system's 771-nm fundamental tone was blocked by an RG800 long-pass filter.
The residual white-light continuum from the laser was blocked with a 0.6-mm unintentionally doped Si wafer. This was followed by either a 85-nm bandpass filter at 1460 nm for the 1450-nm OH resonance studies, or by a 1500-nm long-pass filter for the 1680-nm CH resonance studies. Without the filters the white-light continuum was observed after 10-100x attenuation of the main pulse by the sample. The filters were measured (by the Cary 5G) to have an extinction of > 1 : 1000 outside of the passband, allowing measurements over at least 5 orders of magnitude of attenuation.
The setup, as shown in Figure 2 , sends the femtosecond pulses through the samples and then to either an autocorrelator, a spectrometer, or a photodetector. Swinging the photodetector out of the way allows for a spectral measurement, while removing mirror M1 allows for an autocorrelation measurement. 
RESULTS
The spectra for the pulse propagation in water and acetonitrile samples are shown in Figure 3 as recorded by a StellarNet InGaAs spectrometer. The water absorption data in Figure 3 (a) shows nearly identical laser spectra after propagation through the 1-and 2-mm cuvettes of water. The data are normalized to the peak to facilitate comparison. Figure 3(b) shows the effect of the narrow CH resonance compared with the laser pulse. Here the central spectral region of the laser light is attenuated much more strongly than the light in the wings producing a different spectral structure after 10-mm of propagation. A Femtochrome FR103MN autocorrelator with a low-repetition rate option was used to record the pulse shape after propagation through the materials. Figure 4(a) shows the results for 1450-nm pulse propagation in water. As the pulse progressed through the 1-and 2-mm water samples the pulse became shorter. The signal was too weak for a measurement after 5-mm, so the 1-mm cuvette was placed after the 2-mm cuvette to provide an additional propagation in water (labeled 2 mm+1 mm in figure) . Although noisy, this quasi-3-mm propagation distance through water shows the pulse broadening to a width comparable to the laser input.
In Figure 4 (b), the 1680-nm pulses probing the acetonitrile samples are wider. This is likely due to chirp from the NOPA which is tuned to the edge of its range. As the pulse propagates through more acetonitrile, the central portion narrows slightly while it broadens at its half width.
Finally, the transmitted optical power is measured with an optical power meter. The propagating pulse power spans several decades, requiring a linear detector over this range. Using carefully calibrated neutral density filters, a wide range of detectors were tested and the Ophir PD300-IR detector head was the most linear, and its range was suitable for this study. Power readings were taken with and without the input blocked. The average power along with the standard deviation of the power were recorded for each measurement. The data are plotted in Figure 5 . 
DISCUSSION
The data for both the water and acetonitrile experiments demonstrate Beer-Lambert absorption as shown in Figure 5 . In water at low-light levels of 10 −6 , the strong resonant absorption at 1450-nm with weaker off-resonance absorption allows measurement of the white-light continuum that leaks through the silicon and band-pass filters. This optical power level also coincides with the detection limit of our power meter. The broad optical bandwidth of the laser combined with the wavelength-dependent absorption of the media require calculation of the Beer-Lambert absorption curve in these wavelength regions, since a simple exponential function would only describe monochromatic light. These calculated Beer-Lambert curves provide a good fit the measured data.
A useful metric for comparison with other experiments in water is the ratio of the laser bandwidth to the resonance bandwidth. In the 1450 nm water experiments a ratio of 25/73 = 0.34 is comparable to the 0.36 value of Fox andÖsterberg [2] . The 1680-nm acetonitrile experiments have a ratio of 25/8 = 3.13 demonstrating a pulse spectrum that is significantly wider than the absorption resonance. Large spectral ratios match conditions in simulations of precursor generation.
The temporal width of the pulses, from the autocorrelation traces in Figure 4 , are reported here as autocorrelated pulse widths, and unless otherwise stated have not been multiplied by a correction factor. Figure 4(a) shows that in water the laser pulse has an initial 175-fs pulsewidth.
After propagating through 1-and 2-mm of water this pulse becomes compressed to 100 and 95 fs, respectively. Then after the quasi-3-mm propagation the pulse expands again to 200-fs.
The pulsewidths for 1-and 2-mm propagation are below the transform limit for a Gaussian pulse. The error could be due to experimental error in measuring the spectrum and the autocorrelation. The autocorrelator time error is ≤10%, while the resolution of the spectrometer is 2-nm. Broadening the bandwidth and expanding the pulsewidth come close to accounting for the measurement anomaly.
The pulse compression via material dispersion does not entirely explain this effect. Several references have refractive index calculations for water and some have dispersion. However, these are either too coarsely spaced or do not include values near 1450 nm due to large absorption [11] . Using Segelstein's data [12] , and fitting it in the 1450-nm region with polynomial functions provide solutions for dispersion of 0.4 fs/nm/mm. Using the same data and fitting in the 800-nm range produce a dispersion value of −0.17 fs/nm/mm, which is in good agreement with the reported values of −0.073 fs/nm/mm from Ref. [11] , especially since water purity and temperature have not been taken into account. The 1450-nm calculated dispersion would not compress the pulses by nearly 100 fs, it is almost an order of magnitude too small. The glass cuvettes provide even less dispersion (by more than an order of magnitude) at these wavelengths, so they cannot account for the compression either. This demonstrates a need for better experimental dispersion characterization in this region.
The pulse temporal evolution in the acetonitrile is less dramatic. The 350-fs laser pulse is more strongly chirped, representing about a 250-fs Gaussian pulse. While not as short as the pulses in water, these pulses are shorter than that of the acetonitrile resonance, which is 270-fs wide assuming a 1679-nm Lorentzian resonance of 8-nm width (FWHM). The pulse shape remains nearly the same after 1-and 2-mm of propagation, but by 5-and 10-mm of propagation the central portion of the pulse has decreased to < 200-fs but rests on a much wider pedestal which is indicative of the pulse evolution due to suppression of the central wavelengths.
CONCLUSION
The pulsed response of water and acetonitrile in the NIR range was investigated to explore the possibility of exciting optical precursors at absorption resonances in liquids. This study focussed on the NIR second harmonic resonances in the liquids as compared to that of Fox andÖsterberg [2] who operated near the fourth harmonic resonance. The laser bandwidth to water's absorption bandwidth of the two cases were similar (0.36 @800 nm [2] compared with 0.34 @1450 nm here), while that in acetonitrile was much larger (3.13 @1680 nm). While Beer-Lambert absorption was measured, the dynamic evolution of the pulse's temporal profile in water was not able to be explained at this time. This suggests the need for better measurement of water's dispersion in the 1400-1500 nm region. In addition, excitation with shorter (compressed) pulses along with better time-resolved pulse measurements will aid in better understanding of the correlation between the pulse's dynamic evolution and the material's response.
